Both strain and strain rate (SR) measure the regional myocardial deformation and can assess phasic left atrial (LA) function. However, there is still a lack of evidence for their volume independency. In this study, strain and SR determined by tissue Doppler imaging were used to evaluate the effect of preload reduction in end-stage renal disease patients who were undergoing regular haemodialysis (HD).
Introduction
During the cardiac cycle, the left atrium (LA) serves multiple functions, including the reservoir, conduit, active contractile chamber, and suction source. 1 The LA also modulates the filling of the left ventricle (LV) through these various mechanical functions. Various methods can be used to evaluate the LA function. Currently, the most widely used and simple method is the LA volume index (LAVi). This index reflects both the magnitude and duration of LV diastolic impairment. 2, 3 However, the LAVi is affected by acute preload change and cannot assess the various mechanical functions of the LA. 4 Cardiovascular diseases are the leading cause of morbidity and mortality in chronic renal failure patients, despite recent advances in dialysis therapy. The excess cardiovascular risk in this group is caused by multiple factors that prompt accelerated atherosclerosis and structural cardiac abnormalities. 5 Patients with chronic kidney disease are often subjected to acute plasma volume change, as a consequence of ultrafiltration during haemodialysis (HD). For the evaluation of acute change of the volume status, rapid saline infusion accompanying the Swan-Ganz catheter monitoring might be the ideal method for controlling the volume status. 6 However, this method has been used only on an experimental basis and many technical and ethical problems restrict its applications to human subjects. Therefore, end-stage renal disease (ESRD) patients treated with HD are a suitable group for the acute preload change, because they are easily accessible and are commonly investigated for the evaluation of the myocardial performance according to the preload status. 4,7 -10 Strain and strain rate (SR) are relatively newly introduced methods for myocardial function evaluation. These parameters measure the degree of deformation of the myocardium and are less affected by the tethering effect. Numerous studies have evaluated both their clinical benefits and prognostic effects. However, most of these studies were limited to the evaluation of the LV due to its importance for cardiac function, by virtue of its thick wall and a relatively simple structure. 11 Recently, both strain and SR of the LA were measured by colour Doppler tissue imaging (CDTI); this approach may be useful for measuring LA function under various pathological conditions that include hypertension, diabetes mellitus, and atrial fibrillation. 12 -15 LA SR may also reflect the degree of LV diastolic function. 16 The observation that the LV longitudinal strain is preloaddependent 8 suggests that the values of the deformation parameters measured from other cardiac chambers are also not free from acute preload change. However, it is largely unknown whether LA strain or SR is affected by the acute preload reduction associated with HD, and whether LA strain and SR, which are not only clinically important but also good markers for cardiac diastolic function, are dependent on the volume change in ESRD patients. The present study was undertaken to address these knowledge shortcomings. The hypothesis of this study was that the various functions of the LA measured by strain and SR can be affected by acute volume change, as demonstrated in the LV. We examined the effect of preload reduction generated by HD on the strain and SR of the LA measured by CDTI in patients with ESRD.
Methods
This study was approved by the Institutional Review Board of Bucheon St Mary's Hospital, Bucheon, South Korea, and all participants provided written consent according to the Declaration of Helsinki.
Study population
We recruited the subjects from the patients who were undergoing regular HD in Bucheon St Mary's Hospital, Bucheon, Korea. We performed echocardiography on 51 patients who were diagnosed with ESRD and had been undergoing HD on a regular basis for at least 1 month prior to enrolment. We excluded the patients with the following: (i) acute coronary syndrome, (ii) previous history of cardiac surgery or implanted device, (iii) LV ejection fraction less than 50%, (iv) evidence of major valvular heart disease (i.e. presence of prosthetic valve, any degree of mitral or aortic stenosis, and more than a mild degree of mitral, aortic or tricuspid regurgitation), (v) previous history or current presence of significant cardiac arrhythmia such as atrial fibrillation, (vi) pericardial effusion more than a small volume, and (vii) poor echocardiographic window that was unsuitable for interpretation. Finally, 41 subjects were enrolled in the analysis. The 10 patients who were excluded comprised valvular disorders (n ¼ 2), significant arrhythmia (n ¼ 3), poor echocardiographic window (n ¼ 4), and no effective volume change (n ¼ 1). We also measured the LA strain and SR of 10 age-and sex-matched healthy subjects (mean age 49 + 13 years; three men and seven women) who had no history of hypertension, ischaemic heart disease, cerebrovascular disease, or diabetes.
Echocardiography Standard transthoracic echocardiogram
A commercially available ultrasound machine (Vivid 7; General Electric Health Care, Waukesha, WI, USA) equipped with a 2.5 MHz variable frequency transducer was used for echocardiographic evaluation.
Echocardiograms were performed immediately before and 30 min after a single dialysis session. The M-mode measurements included the LV dimension, as well as the diastolic LV septal and posterior thickness determined in the parasternal long-axis view. The LV mass was calculated using the area-length method and was corrected for the body surface area. The LV volumes and ejection fraction were calculated with the modified Simpson's method from apical four-and twochamber views. From the pulsed Doppler echocardiography of transmitral velocities, the peak E velocity, peak A velocity, ratio between peak E and A velocities (E/A ratio), deceleration time, and isovolumic relaxation time (IVRT) were acquired. The LV systolic S ′ velocity, LV early diastolic E ′ velocity, and LV late diastolic A ′ velocity were measured by Doppler tissue imaging. These measurements were acquired by placing the sample volume at the septal and lateral annulus, and recording at a sweep of 100 mm/s. The width and length of the region of interest (ROI) was 1.6 and 3.1 mm, respectively. All examinations were performed according to the recommendation of the American Society of Echocardiography. 17, 18 
LA phasic volumes
The following LA volumes were measured by the biplane area-length method, as previously described: 18 We also calculated the atrial fraction as the A-wave velocity -time integral divided by the total velocity -time integral of the mitral inflow.
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LA tissue velocity, strain, and SR CDTI was also obtained in the apical four-and two-chamber views with the frame rate of .110 frames/s. The narrowest image sector angle (usually 308) was used to achieve the maximum possible colour Doppler frame rate, and attempts were made to align the atrial wall parallel to the Doppler beam. The LA peak tissue velocities and SR during the LV systole (S-SR), early (E-SR), and late LV diastole (A-SR) were measured for evaluating the LA reservoir, conduit, and contractile function (Figures 1 and 2 ). We also measured the peak LA strain during the LV late systole to evaluate the LA reservoir function ( Figure 3 ). All measurements were performed at the LA basal septal, lateral, inferior, and anterior walls, from the apical four-and two-chamber views. We also manually tracked the location of the ROI to avoid falling into the fossa ovalis or LA appendage. Offline measurements were performed on the Echopac workstation, version 6.1 (General Electric Health Care). Each parameter was evaluated by averaging three to five measurements.
Effect of preload on LA strain
Reproducibility
Observer reliability of LA strain and SR was assessed in all 41 patients from post-HD data sets, which were averaged from three to five measurements from each segment. CDTI data sets were analysed for interobserver variability by two separate observers. Intraobserver measures were performed at least more than 1 week apart, in a random order.
Statistical analyses
All data are expressed as the mean + standard deviation (SD). The independent t-test was used to assess the statistical difference between patients in the ESRD group and the control group. The differences in continuous variables, between the before and after HD states, were assessed using the paired t-test. The x 2 and Fisher's exact tests were used to evaluate the differences between categorical variables. After subtracting the values of the tissue velocity, strain, and SR of the post-HD from the pre-HD data, we also performed either one-way analysis of variance (ANOVA) or the independent t-test to differentiate according to the causes of ESRD or other pre-existing clinical conditions. The correlations between changes in the mean blood pressure, heart rate, tissue velocity, strain, and SR were evaluated by Pearson's correlation coefficient. We also performed the linear regression analysis between the changes of phasic LA volumes, LA strain, LA SR, and LV stroke volume. Reliability was tested using the intra-class correlation coefficient (ICC) by Cronbach's a to determine both the intra-and interobserver variability. The clinical significance of ICC was interpreted as follows: excellent, ICC ≥ 0.80; good, 0.60 ≤ ICC , 0.80; moderate, 0.40 ≤ ICC , 0.60; and poor, ICC , 0.40. The Bland -Altman analyses were also performed. All data analyses were performed using the commercially available statistical analysis software package SAS version 11.0 (SAS Institute, Cary, NC, USA). P-values ,0.05 were considered as statistically significant. Results Table 1 summarizes the clinical characteristics of the subjects. The mean ultrafiltration rate was 2.72 + 0.96 L. The mean age of the subjects was 48 + 12 years and 17 participants were males (41%). The most common cause of ESRD was diabetes mellitus (n ¼ 16, 39%), followed by hypertension (n ¼ 10, 24%) and chronic glomerulonephritis (n ¼ 6, 15%). Table 2 shows the changes of blood pressure and heart rate after acute preload reduction caused by HD. Although blood pressure significantly decreased after HD, heart rate did not change. Many of the conventional Doppler echocardiographic parameters representing the LV systolic and diastolic functions were altered after acute preload change caused by HD. Both end-diastolic and -systolic dimensions of the LV significantly decreased after the acute preload decrease caused by HD. However, the LV ejection fractions measured pre-and post-HD were not different. After HD, there were also changes in the peak E velocity, E/A ratio, and IVRT. Tissue velocities measured at the septal and lateral mitral annulus were also affected by HD. E/E ′ ratio, expressing the ratio between the peak early diastolic mitral inflow (E) and the tissue velocity (E ′ ), decreased significantly after HD ( Table 3) .
The LA volumes and phasic volumes were also altered by the acute preload reduction. Thus, LAVi, LA minimal volume, and LA volume at the onset of the atrial systole were all affected by HD. LA active emptying fraction, representing LA contractile function, also significantly increased after acute preload reduction by HD. Similarly, the phasic volumetric parameters representing various LA functions significantly changed following HD. The atrial fraction, which represented the atrial systolic contribution to total diastolic filling, was also altered according to preload change ( Table 4) . Table 5 summarizes the LA segmental and average basal longitudinal tissue velocities of both pre-and post-HD states. There were no differences in tissue velocities during early and late LV diastole according to the preload changes. However, tissue velocities of the LA measured during LV late systole (representing LA reservoir function) significantly increased after preload reduction. Table 6 depicts the LA segmental and average basal longitudinal peak strain and SR of both pre-and post-HD status. Although there were no significant changes of the LA strain in any segment, the LA basal longitudinal strain decreased after HD. The analyses determined that there were no significant changes in the LA segmental or average basal longitudinal peak A-SR, while average basal longitudinal S-SR and E-SR significantly decreased after acute preload reduction ( Figure 4 ). According to either the causes of ESRD or pre-existing clinical conditions, there was no difference in tissue velocity, strain, and SR. There were also no correlations between changes in mean blood pressure, heart rate, stroke volume, average basal longitudinal tissue velocity, strain, and SR. Regression analysis also showed no significant values between the changes of LV stroke volume, LA phasic volumes, LA strain, and SR. The ICCs of LA average basal longitudinal peak strain and SR for the intra-and interobserver measurements are shown in Table 7 . All the measurements showed excellent or good agreements, although some intraobserver variations showed relatively weak powers. The Bland-Altman plots are presented in Figure 5 .
Discussion
To the best of our knowledge, this is the first study to investigate the effects of preload change caused by HD on the LA deformation parameters. LA average basal longitudinal strain measured during the reservoir period was significantly decreased by the acute preload change caused by HD, although this decrease was not identified by segmental analysis. In addition, the S-SR and E-SR, representing the reservoir and conduit functions of the LA, respectively, were also changed by HD. In contrast, the peak A-SR was not affected by acute preload change caused by HD. Cardiovascular complications are the most common cause of death in patients undergoing chronic HD due to ESRD. 5, 21, 22 Previous echocardiographic studies showed that LAVi represents the LV diastolic function 2 and can help differentiate between normal and pseudo-normal patterns of LV diastolic function in patients receiving HD. 23 This index also has a prognostic value in many clinical conditions, including ESRD. 24 However, LAVi cannot accurately represent the LA function because it is only a surrogate marker 25 and is preload-dependent. 7 Therefore, the LA phasic volume is the method conventionally used for evaluating the various LA functions. However, it cannot be measured on a single plane and the assessment is time-consuming and increases the chances of inaccurate measurement. Specifically, in our study, the LA phasic volumes representing the reservoir, conduit, and contractile functions of the LA changed after acute preload reduction elicited by HD. CDTI was recently introduced for quantification of the regional mean peak myocardial velocities and enables the simultaneous acquisition of myocardial velocities from multiple segments of the myocardium in a single image. 26 Nevertheless, studies using tissue velocities measured by CDTI also reported limitations, as they were not free from the volume status in evaluating the functions of either LA or LV. 9, 10 Similarly, in our study, tissue velocities measured by CDTI were not completely independent of volume status. New echocardiographic parameters, such as strain and SR, can also be measured from CDTI and are useful for evaluating the LA function. 27 Evaluation of the LA function using the twodimensional speckle-tracking technique validated its clinical significance in cases of ageing patients, atrial fibrillation, and mitral regurgitation, 28 -30 permitting its use to measure the LA phasic functions. But circumferential and longitudinal peak strain and systolic SR of LV measured by two-dimensional speckle-tracking echocardiography are also sensitive to acute changes in load. 31 Nevertheless, thin LA walls and different values of LA parameters according to the measured location make this technique less feasible. 32, 33 Furthermore, CDTI has been more widely used to measure the LA strain and SR, and its diagnostic value has been validated under various pathological conditions, such as hypertension, diabetes mellitus, atrial fibrillation, and valvular heart disease. 12 -15,34 Although elastance was reported as a loadinsensitive parameter, an invasive method, such as sonomicrometry, is usually required, 35 which restricts its use in human subjects. Effect of preload on LA strain Therefore, we used CDTI for the evaluation of LA strain and SR in this study. There were some discrepancies in the various parameters representing LA function in this study. For example, LA tissue velocities during systole increased after preload reduction, but LA strain and S-SR decreased after HD. LA tissue velocities during early diastole were not affected by acute volume change, but E-SR significantly decreased. Tissue velocities are not free from the tethering effect, 11, 33 and the directional changes that disagreed with strain, SR, or phasic volume showed the same directional changes as demonstrated in tissue velocities measured at mitral annulus. Furthermore, it is also possible of existing of confounding factors affecting LA displacement or deformation adding to the tethering effect. Only the LA active emptying fraction was changed after HD. All the other conventional and novel parameters were not affected by acute preload reduction. So, the parameters representing LA booster pump function were relatively volume-status-independent compared with the parameters representing the reservoir or conduit function of the LA. The major limitation of our study was the relatively small number of patients, although the number of individuals enrolled in our study was slightly larger compared with other studies, 4,7 -9 evaluating acute volume change according to the HD. As a result, the values of the strain and SR did not show a relationship with the LA phasic volumes. Similarly, the changes in the mean blood pressure, heart rate, strain, and SR were not correlated. Also, there were no significances in regression analysis performed between stroke volume and the changes of LA phasic volumes, LA strain, and SR. But a previous study demonstrated that LA strain and SR correlated well with LA phasic volumes. 27 In this study, although the number of investigated subjects was not enough to show the correlation between volumetric and deformation parameters, it was large enough to show the preload dependency of the LA strain and SR measured during the reservoir or conduit periods. The strain values measured during other cardiac cycle will give more insight into the preload dependency of deformation parameters of LA. Although we do all the efforts to avoid fossa ovalis and the fibrous tissue of the interatrial septum when measuring in LA strain and SR, it was technically challenging and the strain and SR values acquired from the LA septum showed no significant differences according to acute preload changes. Currently, the normal reference values for LA strain were only evaluated in a relatively small number of patients. So, we also investigated the strain and SR of the LA in normal control subjects in this study. Furthermore, HD is currently regarded as a good modality in evaluating preload changes, but it also allows toxic material clearance and produces changes in the autonomic tone. Also the medications used during HD can produce muscle contraction and affect the deformation parameters. Therefore, these changes can affect the LA strain. Finally, the values of blood pressure measured during pre-and post-HD were different. Although heart rate, which can potentially affect SR, 36 was not different according to the volume status, these findings could also limit the values reported in our study. In summary, we found a significant reduction in LA average basal longitudinal strain values representing the reservoir function according to acute volume reduction. The values of tissue velocity and SR during systole and E-SR also changed according to preload. However, both the tissue velocity and SR measured using CDTI during LV late diastole did not show any differences related to HD. This finding suggests that these factors, representing LA contractile function, are relatively unaffected by the acute preload change, compared with volumetric echocardiographic parameters. Other parameters evaluating the LA contractile function, such as peak late diastolic mitral inflow and tissue velocity, were also volume-independent, consistent with results from previous studies. 4, 8 Although not all of the deformation parameters were preload-independent, we suggest that peak A-SR can be a useful parameter, irrespective of the volume status. The tissue velocity and SR during LV late diastole can also be used for the evaluation of cardiac function in other clinical conditions, such as shock, in which there are many volume shifts. Further studies are required, investigating the prognostic values of A-SR, especially in ESRD patients who are very vulnerable to cardiovascular complications.
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